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1. 

NON-MULTIPLE DELAY ELEMENT VALUES 
FOR PHASE SHIFTING 

This invention was made with United States Government 
support under Contract No. F33657-00-G-4029-0204. The 
Government has certain rights in this invention. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates generally to phase shifting, and 

more particularly to phase array apparatus Such as phased 
array antennas. 

2. Description of the Related Art 
Phased array apparatus are employed in a variety of 

applications for transmitting and receiving radar and other 
types of radio-frequency (RF) signals, and may be imple 
mented in a variety of geometric array configurations. 
Examples of array configurations include linear arrays, 
two-dimensional arrays, planar arrays, rectangular arrays 
and conformal arrays. Phase shifting devices have been 
employed to alter the phases of signals transmitted or 
received by individual elements of a phased array apparatus 
in a binary weighted manner. By altering the phase of signals 
transmitted or received by individual phased array elements 
relative to each other the directional orientation of signals 
transmitted or received by the array may be controlled. 
Examples of phase shifting devices include digital phase 
shifting devices (e.g., diode phase shifter using Switched 
line, hybrid-coupled and loaded-line) and analog phase 
shifting devices that are digitally controlled (e.g., ferrite 
phase shifter). 

In operation, phased array apparatus may suffer from 
periodic phase quantization or phase rounding errors which 
result in phase quantization sidelobes that degrade (raise) the 
side-lobe levels. Techniques that have been employed in the 
past to reduce phase quantization errors include the use of 
random phasing, the introduction of Small errors into the 
feed network of an array, the addition of an extra phase bit, 
or the incorporation of a parabolic phase taper in the feed. 
In one particular example, random phasing has been imple 
mented with ferrite or diode phase shifters in narrow band 
phased array antennas employed for radar applications. 

SUMMARY OF THE INVENTION 

Disclosed are methods and systems that may be imple 
mented to reduce periodic quantization errors associated 
with phase shifting devices used in phased array apparatus. 
In the practice of the disclosed methods and systems, phase 
shifting may be implemented using one or more transmis 
sion line delay elements having non multiple delay element 
values (i.e., non-multiple phase shift values) to reduce or 
Substantially eliminate periodic phase quantization errors. 
As used herein, the term “delay element value' refers to the 
magnitude of phase shift imparted by a given delay element 
of a phase shifting scheme. When used herein with reference 
to a plurality of delay elements of a given phase shifting 
scheme, the term “non-multiple delay element value' is used 
to describe a magnitude of phase shift imparted by a given 
delay element of the phase shifting scheme that is not a 
multiple or a factor of the magnitude of the phase shift 
imparted by any other delay element employed in the same 
phase shifting scheme. In other words, the relationship of the 
magnitude of the phase shift imparted by a given delay 
element is non-multiple relative to the magnitude of the 
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2 
phase shift imparted by any other delay element present in 
the same phase shifting scheme. 

Examples of suitable non-multiple delay element values 
include, but are not limited to, a delay element value that is 
distributed relative to at least one other delay element value 
of a common phase shifting scheme in a manner that is based 
on a prime number-based factor. In one exemplary embodi 
ment, a non-multiple delay element value may be further 
characterized as being distributed relative to at least one 
other delay element value of a common phase shifting 
scheme in a manner that is based on a non-integer factor. In 
another exemplary embodiment, a non-multiple delay ele 
ment values may be further characterized as being distrib 
uted relative to at least one other delay element value of a 
common phase shifting scheme in a manner that is based on 
a non-binary factor. 
When all delay element values of a phase shifting scheme 

have a non-multiple relationship with all other delay element 
values of the same phase shifting scheme, the delay element 
values of the phase shifting scheme may be further charac 
terized as being distributed in a non-multiple manner. Simi 
larly, when all delay element values of a phase shifting 
scheme have a non-integer relationship with all other delay 
element values of the same phase shifting scheme, the delay 
element values of the phase shifting scheme may be further 
characterized as being distributed in a non-integer manner. 
Similarly, when all delay element values of a phase shifting 
scheme have a non-binary relationship with all other delay 
element values of the same phase shifting scheme, the delay 
element values of the phase shifting scheme may be further 
characterized as being distributed in a non-binary manner. 

Advantageously, the disclosed systems and methods may 
be implemented using non-multiple delay element values for 
phase shifting purposes in a manner that achieves better 
signal resolution, beam pointing accuracy, and lower side 
lobe levels in a phased array apparatus as compared to 
conventional binary distributed phase shifting schemes 
using the same number or a greater number of delay ele 
ments. Thus, the disclosed systems and methods may be 
implemented in a manner that achieves lower signal loss 
with lower cost and a smaller device footprint as compared 
to conventional phase shifting techniques. 

In one exemplary embodiment, a sufficient number of 
non-multiple delay element values (e.g., delay element val 
ues based on a set of prime number-based factors) may be 
selected for phase shift implementation in a phased array 
such that combinations of the selected non-multiple delay 
element values yields Substantially no identical phases 
(modulo 360), or yields a reduced number of identical 
phases (modulo 360), relative to combinations of binary 
delay element values over a wide frequency bandwidth (e.g., 
3.67: 1 bandwidth) of operation, therefore substantially 
eliminating phase quantization errors over a full multi 
octave frequency band-width of operation. Such a set of 
non-multiple delay element values may be further charac 
terized as not having non-trivial common multiples. 
By using non-multiple delay element values, the disclosed 

systems and methods may be advantageously implemented 
to reduce or Substantially eliminate periodic phase quanti 
Zation errors such as may be experienced when phase 
quantization is done in binary steps, i.e., with each delay 
element value being a multiple of the least significant bit 
(LSB). The reduction or substantial elimination of phase 
quantization errors advantageously allows coarser bit reso 
lution or fewer phase shift delay elements to be employed in 
phased array apparatus implemented according to the dis 
closed systems and methods. The ability to use fewer phase 
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shift delay elements allows the construction of lower cost, 
simpler and more compact (e.g., Smaller footprint) phased 
array apparatus. 

In one exemplary embodiment, the disclosed systems and 
methods may be implemented using transmission-line phase 5 
shifters, for example, when employed for broad-band (e.g., 
frequency bandwidths greater than or equal to about 2:1). 
wide scan angle phased array antennas. In another exem 
plary embodiment, the disclosed systems and methods may 
be advantageously implemented for use in broad band, 10 
multi-octave phased array antennas requiring low sidelobes. 
However, it will be understood that advantages of the 
disclosed systems and methods may also be realized when 
implemented with other types of phase shifting devices 
and/or phased array apparatus, such as those described 15 
elsewhere herein. 

In another exemplary embodiment, the disclosed systems 
and methods may be advantageously implemented for with 
antenna apparatus configured for use in frequency band 
widths of greater than or equal to about 2:1, alternatively 20 
bandwidths of greater than or equal to about 3:1, alterna 
tively bandwidths of greater than or equal to about 5:1, 
alternatively bandwidths of greater than or equal to about 
10:1, alternatively bandwidths of greater than or equal to 
about 100:1, alternatively bandwidths of from about 2:1 to 25 
about 10:1, and alternatively bandwidths of from about 2:1 
to about 100:1. 

In one respect, disclosed herein is a phase shifting device 
configured to receive and change the phase of a signal. The 
phase shifting device may include at least two transmission 30 
line delay elements, the at least two transmission line delay 
elements including a first transmission line delay element 
and a second transmission line delay element configured to 
be coupled to the signal. Such that the magnitude of a phase 
shift imparted to the signal by the first transmission line 35 
delay element is not a multiple or a factor of the magnitude 
of a phase shift imparted to the signal by the second 
transmission line delay element. 

In another respect, disclosed herein is a phased array 
apparatus, including: a plurality of array elements; and a 40 
plurality of phase shifting devices, each of the plurality of 
phase shifting devices being coupled to a respective one of 
the plurality of array elements. Each of the plurality of phase 
shifting devices may be configured to vary the phase of a 
signal transmitted or received by each respective one of the 45 
array elements by a delay value that is non-multiple relative 
to the delay value of the other of the plurality of phase 
shifting devices. 

In another respect, disclosed herein is a phased array 
antenna system, including: a plurality of antenna elements 50 
forming an antenna array; and a plurality of phase shifting 
devices, each of the plurality of phase shifting devices being 
coupled to at least a respective one of the plurality of 
antenna elements. Each of the plurality of phase shifting 
devices may include at least two transmission line delay 55 
elements configured to be selectably coupled together in 
series with a respective one of the plurality of array elements 
to independently vary the phase of a radio frequency signal 
transmitted or received by the respective one of the array 
elements. At least one of the transmission line delay ele- 60 
ments of each of the phase shifting devices may have a delay 
element value that is non-multiple relative to a delay ele 
ment value of at least one other of the transmission delay 
elements of the same phase shifting device. 

In another respect, disclosed herein is a method of shifting 65 
the phase of a signal, including receiving a signal having a 
first phase in a phase shifting device that includes at least a 

4 
first transmission line delay element and a second transmis 
sion line delay element. The method may also include 
shifting the phase of the received signal by a first phase shift 
magnitude relative to the first phase in the first transmission 
line delay element to form a signal having a second phase 
different than the first phase, and subsequently shifting the 
phase of the signal having a second phase by a second phase 
shift magnitude in the second transmission line delay ele 
ment to form a signal having a third phase different than the 
first or second phases, and Such that the first phase shift 
magnitude is not a multiple or a factor of the second phase 
shift magnitude. 

In another respect, disclosed herein is a method of oper 
ating a phased array apparatus, including providing a plu 
rality of array elements and providing a plurality of phase 
shifting devices, each of the plurality of phase shifting 
devices being coupled to a respective one of the plurality of 
array elements. The method may also include varying the 
phase of a signal transmitted or received by each respective 
one of the array elements by a delay value that is non 
multiple relative to the delay value of the other of the 
plurality of phase shifting devices. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A is a block diagram of a phased array antenna 
system according to one embodiment of the disclosed sys 
tems and methods 

FIG. 1B is a block diagram of a phased array antenna 
system according to one embodiment of the disclosed sys 
tems and methods 

FIG. 2 is a block diagram showing a phase shifting device 
coupled between an antenna element and amplifier accord 
ing to one embodiment of the disclosed systems and meth 
ods. 

FIG. 3 is a block diagram showing a phase shifting device 
coupled between an antenna element and amplifier accord 
ing to one embodiment of the disclosed systems and meth 
ods. 

DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

FIG. 1A is a simplified block diagram of a phased array 
antenna system 100 according to one embodiment of the 
disclosed systems and methods. As illustrated in FIG. 1A, 
antenna system 100 includes an antenna array 120 made up 
of multiple antenna elements 102 through 102. As shown, 
each of multiple antenna elements 102, through 102, are 
coupled to a respective phase shifting device 104, through 
104, each of which is in turn coupled to signal divider/ 
combiner 107 that is configured to combine separate signals 
received by separate antenna elements antenna elements 
102 through 102, and/or to divide separate signals to be 
transmitted by separate antenna elements 102, through 102, 
as appropriate. In the illustrated embodiment, each phase 
shifting device 104 may be digitally controlled to indepen 
dently vary the phase of radiation or other type of signal 
transmitted or received by the respective element 102 
coupled to the phase shifting device, e.g., relative to the 
phase of signals transmitted or received by other elements 
102 of the array 120. As will be further explained, by so 
independently varying the phase signals are transmitted or 
received by each element 102 relative to each other element 
102, the direction of maximum signal intensity transmitted 
or received by antenna array 120 may be controlled. 
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FIG. 1B illustrates one exemplary embodiment of a 
phased array antenna system 100 having an antenna array 
120 made up of multiple antenna elements 102 as it may be 
implemented to receive a directional signal wave front 180. 
Phase array antenna system 100 is illustrated configured as 
a receive-only system in FIG. 1B. However, it will be 
understood that in alternate embodiments a phase array 
antenna system 100 may be alternatively configured as a 
transmit only system (e.g., with divider circuitry coupled 
between a transmitter and phase shifting devices to divide 
separate signals to be transmitted by separate antenna ele 
ments 102, through 102), or may be alternatively config 
ured as a transmit and receive system (e.g., with combiner/ 
divider circuitry coupled between a transceiver and phase 
shifting devices to combine separate signals received by 
separate antenna elements antenna elements 102, through 
102 and to divide separate signals to be transmitted by 
separate antenna elements 102 through 102). In this 
regard, it will be understood that the disclosed phase shifting 
methods and apparatus may be employed to vary the phase 
of transmitted signals in a manner similar to the process of 
varying the phase of received signals discussed in relation to 
the exemplary embodiment FIG. 1B. 
As illustrated in FIG. 1B, each phase shifting device 104 

through 104, is coupled to a respective amplifier 106 
through 106, each of which is in turn coupled to combiner 
108. Combiner 108 is shown coupled to receiver 110 and 
digital signal processor (DSP) 112. A control bus 150 is 
provided that provides control signals from receiver 110 to 
each of each phase shifting devices 104, through 104, and 
amplifiers 106 through 106. Using phase shifting device 
control signals provided by receiver 110, each phase shifting 
device 104 may be digitally controlled to independently vary 
the phase of radiation or other type of signal received by the 
respective element 102 relative to the phase of signals 
received by other elements 102 of the array 120. Using 
amplifier control signals provided by receiver 110, gain of 
each amplifier 106 may be optionally controlled relative to 
the gain of each other amplifier 106 to further control the 
pattern of signals received by antenna array 120. 

FIG. 1B shows radiation or signal wave front 180 being 
received by antenna array 120 and having a longitudinal axis 
that is oriented at an angle with respect to the longitudinal 
axis 190 of antenna array 120. In the illustrated embodiment, 
the angle of orientation 192 of signal wave front 180 with 
antenna array 120 is controlled by individual signal delay 
times 160, through 160, that are imparted by respective 
phase shifting devices 104, through 104, in response to 
digital control signals provided by receiver 110. In this 
regard, the magnitude of individual signal delay times 160, 
through 160, may be cooperatively increased so as to 
increase magnitude of angle 192, or may be cooperatively 
decreased to decrease the magnitude of angle 192. When the 
magnitude of individual signal delay times 160 through 
160 are set to be equal, the wave front angle 180 is 0° and 
energy wave front 180 is oriented parallel to the longitudinal 
axis 190 of antenna array 120. 

It will be understood with benefit of this disclosure that 
FIGS. 1A and 1B illustrate only exemplary embodiments of 
phased array antenna systems as they may be implemented 
in the practice of the disclosed systems and methods. In this 
regard, the number and geometrical configuration of antenna 
elements, and/or the configuration and identity of processing 
circuit components coupled thereto, may be selected and 
varied as needed or desired to achieve the desired signal 
receiving and/or transmitting characteristics of a given 
antenna System application. For example, the specific con 
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6 
figuration of elements, phase shifters, amplifiers, divider, 
combiner, transceiver and/or digital signal processor 
(“DSP) may be changed (e.g., position of amplifiers rela 
tive to phase shifting devices may be changed, control 
scheme for phase shifting devices and/or amplifiers 
changed, etc.), and/or the number and types of components 
changed (e.g., no DSP present; transceiver or transmitter 
substituted for receiver; combiner/divider or divider substi 
tuted for combiner; individual transceiver, receiver or trans 
mitter directly coupled to each phase shifting device without 
presence of an intervening combiner/divider, combiner or 
transmitter, with no amplifiers coupled to phase shifting 
devices and using unamplified signals; etc.). Furthermore, 
an antenna array may be of any geometrical configuration 
Suitable for implementation as a phased array including, for 
example, linear array, two and three-dimensional array, 
planar array, rectangular array, conformal array, etc. 

In addition, although FIG. 1B shows control signals 
provided by receiver 110 through control bus 150, it will be 
understood that control for phase shifting devices 104 and/or 
amplifiers 106 may be provided in any suitable manner, e.g., 
by analog or digital control signals Supplied by receiver 110. 
DSP 112, or by any other device capable of supplying 
suitable control signals. Furthermore, it will be understood 
that the disclosed systems and methods may be implemented 
without amplifiers 106 and/or without control provided over 
amplifiers 106. In addition, a group of multiple antenna 
elements 102 may be coupled to a single phase shifting 
device 104, and an antenna array 120 may be thus formed 
from individual groups of antenna elements 120 (i.e., rather 
than formed from single antenna elements 120). In such an 
implementation, the phase of signals transmitted or received 
by a given group of antenna elements may be independently 
varied by its respective phase shifting device relative to the 
phase of signals transmitted or received by other groups of 
antenna elements to achieve directional control over the 
received or transmitted signals. 

Furthermore, it will be understood that the disclosed 
systems and methods may be implemented with any other 
type of phased array antenna system, with any other type of 
antenna system having multiple antenna elements, or with 
any other type of apparatus or system employed to phase 
shift a signal or to phase shift multiple signals relative to 
each other (e.g., apparatus or system having multiple phased 
array elements). In this regard, the disclosed systems and 
methods may be implemented with any apparatus configured 
to receive and/or transmit signals of any frequency or 
frequency range Suitable for propagation through a variety 
of media including, but not limited to, gaseous medium (e.g., 
air), Solid medium (e.g., earth, tissue), vacuum, etc. 
Examples of types of apparatus and systems that may be 
implemented with the disclosed systems and methods 
include, but are not limited to, phased array radio frequency 
(RF) antennas or beam formers, Sonar arrays (for transmit 
ting/receiving acoustic signals), ultrasonic arrays (ultrasonic 
signals for medical and flaw analysis imaging purposes), 
radar arrays (e.g., for bi-static and mono-static radar), 
mobile and land based telecommunications devices, seismic 
arrays, etc. Examples of specific types of phased array RF 
antennas that may be implemented with the disclosed sys 
tems and methods include, but are not limited to, narrow 
band phased array antennas, broadband phased array anten 
nas, etc. In one embodiment, the disclosed systems and 
methods may be implemented at any RF frequencies where 
phased array antennas may be employed (e.g., HF band, KA 
band, Mband, etc.) In another exemplary embodiment, the 
disclosed systems and methods may be employed in Sur 
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veillance applications (e.g., airborne, ship-based, space 
based, Submarine based, etc.) including, but not limited to, 
as a part of a tactical reconnaissance system. 

FIG. 2 illustrates one embodiment of an individual phase 
shifting device 104 of a phased array antenna system 
coupled between an antenna element 102 and amplifier 106. 
As shown, phase shifting device 104 has a six bit configu 
ration that includes six transmission line phase quantization 
delay element devices 200, 202, 204, 206, 208 and 210 
coupled together in series. Although phase shifting device 
104 is illustrated as having six phase quantization delay 
element devices in FIG. 2, it will be understood that a phase 
shifting device may include any other suitable number of 
phase quantization delay element devices as desired or 
necessary to fit the requirements of a given application, e.g., 
greater or less than six devices. Furthermore, it will be 
understood that the disclosed systems and methods may be 
implemented using any other type of Suitable phase shifting 
device or combinations of phase shift devices including 
digital phase shifting devices (e.g., diode phase shifter using 
Switched-line, hybrid-coupled and loaded-line, etc.), and/or 
analog phase shifting devices that are digitally controlled 
(e.g., ferrite phase shifter, etc.). 

Each transmission line phase quantization delay element 
device 200, 202, 204, 206, 208 and 210 may be of any 
configuration Suitable for producing a phase shifted output 
signal by imparting a phase shift to a given input signal, i.e., 
in the configuration of FIG. 2 receiving a respective input 
signal 220, 222, 224, 226, 228 or 230 and producing a 
respective phase shifted output signal 222, 224, 226, 228, 
230 or 232 based on the respective input signal. 

In one exemplary embodiment, one or more of transmis 
sion line phase quantization delay element devices 200, 202, 
204, 206, 208 and 210 may be selectably controlled to shift 
the phase of its respective input signal (i.e., 220, 222, 224, 
226, 228 or 230), for example, in response to a respective 
control signal (not shown). For example, in one mode of 
operation, phase quantization delay element device 200 may 
be controlled to produce output signal 222 by shifting the 
phase of input signal 220 using a transmission delay line or 
other suitable delay feature, while at least one other phase 
quantization delay element device is controlled to produce 
an output signal by shifting the phase of its respective input 
signal by only a small amount relative to the phase shift 
imparted by phase quantization delay element device 200 
(e.g., phase quantization delay element device 202 produces 
output signal 224 that is relatively close in phase to input 
signal 222). However, it will be understood that in other 
embodiments each of phase quantization delay element 
devices 200, 202, 204, 206, 208 and 210 may be non 
controllable, i.e., in all modes of operation each phase 
quantization delay element device always produces an out 
put signal by shifting the phase of its respective input signal 
by a fixed amount. 

In the illustrated embodiment, phase shifting device 104 
may be configured so that the delay element values of 
transmission line phase quantization delay element devices 
200, 202, 204, 206, 208 and 210 are distributed in a 
non-multiple manner, i.e., each of phase quantization delay 
element devices 200, 202, 204, 206, 208 and 210 represents 
a non-multiple delay element value relative to the delay 
element values of the other phase quantization delay element 
devices of phase shifting device 104. This means that a delay 
element value for any given phase quantization delay ele 
ment device of phase shifting device 104 is not a multiple or 
a factor of the delay element value of any other of the other 
phase quantization delay element devices of phase shifting 
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8 
device 104. In one exemplary embodiment, each of phase 
quantization delay element devices 200, 202, 204, 206, 208 
and 210 may have a non-multiple delay element value that 
is a prime number, or that is based on a prime number (e.g., 
a prime number integer that is divided by 100). Such a 
non-multiple distributed phase shifting scheme may be 
advantageously implemented to Substantially eliminate 
phase quantization errors when multiple phase shifting 
devices 104 having the same non-multiple distributed phase 
shifting scheme are coupled to respective antenna elements 
of a given antenna system. 

However, it will be understood that in other embodiments, 
any one or more of phase quantization delay element devices 
200, 202, 204, 206, 208 and 210 may be a non-multiple 
delay element value (e.g., based on a prime number factor) 
relative to the other phase quantization delay element 
devices, while other of the phase quantization delay element 
devices may be a multiple delay element value relative to at 
least one of the other phase quantization delay element 
values (e.g., binary bit values). In such an implementation, 
phase quantization errors may be reduced in comparison to 
multiple distributed phase shifting schemes, such as binary 
phase shifting schemes, where all of the phase quantization 
delay element devices have values that are multiples relative 
to each other. Further, it will be understood that in another 
exemplary embodiment an antenna system may be imple 
mented with multiple phase shifting devices having different 
phase shifting schemes (e.g., a first phase shifting device 
may be configured with phase quantization delay element 
devices having different delay element values relative to the 
delay element values of phase quantization delay element 
devices of a second phase shifting device of the same 
antenna system) as long as the phase shift imparted by the 
first phase shifting device is not a multiple of factor of the 
phase shift imparted by the second phase shifting device. In 
Such an exemplary embodiment, it is possible that the delay 
element values of first phase shifting device may distributed 
in a multiple or binary manner relative to each other (i.e., 
within the same phase shift device), while the overall phase 
shift value/s imparted by the first phase shift device is 
non-multiple relative to the overall phase shift value/s 
imparted by a second phase shifting device of the same 
system. 

FIG. 3 illustrates one exemplary embodiment of an indi 
vidual phase shifting device 104 of FIG. 2 in which each of 
six phase quantization delay element devices 200, 202, 204, 
206, 208 and 210 are configured as transmission line phase 
quantization delay element devices that may be selectably 
coupled in series with element 102, amplifier 106 and with 
one or more of the other transmission line phase quantiza 
tion delay element devices of phase shifting device 104. As 
shown, each of phase quantization delay element devices 
200, 202, 204, 206, 208 and 210 includes a respective 
transmission delay line 310, 312,314, 316, 318 or 322 of a 
length selected to provide the desired phase quantization bit 
delay. Each of phase quantization delay element devices 
200, 202, 204, 206, 208 and 210 also includes a respective 
bypass line 320 coupled between a respective pair of switch 
modules 350 and 352. 

For each phase quantization delay element device, the 
respective switch modules 350 and 352 of the phase quan 
tization delay element device are configured to operate in a 
cooperative manner so that an input signal to the given phase 
quantization delay element device may be selectably 
coupled to either the transmission delay line of the given 
phase quantization delay element device (i.e., to produce an 
output signal having a phase shifted relative to the input 
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signal) or to the bypass line 320 of the given phase quan 
tization delay element device (i.e., to produce an output 
signal having Substantially the same phase as the input 
signal). Thus, the phase shifting characteristics of phase 
shifting device 104 may be controlled by selectably coupling 
in series any desired combination of transmission delay lines 
(i.e., 310, 312, 314, 316, 318 and/or 322) and bypass lines 
320 between the input signal 220 and output signal 232 of 
phase shifting device 104. In this manner, phase shifting 
device 104 may be selectably configured for maximum 
phase shift by coupling all six transmission delay lines 310, 
312,314,316,318 and 322 between the input signal 220 and 
output signal 232 of phase shifting device 104. Conversely, 
phase shifting device 104 may be selectably configured to 
provide a relatively small shift in phase by coupling all six 
bypass lines 350 of respective phase quantization delay 
element devices 200, 202, 204, 206, 208 and 210 between 
the input signal 220 and output signal 232 of phase shifting 
device 104. 

Control for switch modules 350 and 352 of phase shifting 
device 104 may be provided in any Suitable manner, e.g., by 
digital control signals (not shown) supplied by receiver 110. 
DSP 112, or by any other device capable of supplying 
suitable control signals. For example, control bit 100000 
may be defined to control phase quantization delay element 
device 200, control bit 010000 may be defined to control 
phase quantization delay element device 202, etc. Although 
pairs of switch modules 350 and 352 are illustrated in the 
exemplary embodiment of FIG. 3, it will be understood that 
any other circuit configuration may be employed that is 
Suitable for toggling or otherwise Switching or selecting 
between a given transmission delay line and its respective 
bypass line. 

Still referring to FIG. 3, the length of any one or more of 
respective transmission delay lines 310, 312,314, 316, 318 
and 322 may be selected to provide a phase quantization 
delay element that has a non-multiple delay element value 
(e.g., based on a prime number factor) relative to the other 
phase quantization delay element devices of phase shifting 
device 104. Further, the length of any one or more of 
respective transmission delay lines 310, 312,314, 316, 318 
and 322 may also be selected such that the difference in 
delay element value between any one or more of respective 
transmission delay lines 310,312,314,316,318 and 322 and 
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their respective bypass lines 320 (i.e., of the same phase 
quantization delay element device) is non multiple relative 
to the difference in delay element value between one or more 
other respective transmission delay lines 310, 312,314, 316, 
318 and 322 and their respective bypass lines 320. In one 
exemplary embodiment, all respective transmission delay 
lines 310, 312, 314, 316, 318 and 322 may be selected to 
provide a phase quantization delay element that has a 
non-multiple delay element value relative to all other phase 
quantization delay element devices of phase shifting device 
104 Further, in another exemplary embodiment, all respec 
tive transmission delay lines 310, 312, 314, 316, 318 and 
322 may be selected such that the difference in delay 
element value between each respective transmission delay 
line 310, 312, 314, 316, 318 and 322 and its respective 
bypass line 320 (i.e., of the same phase quantization delay 
element device) is non multiple relative to the difference in 
delay element value between all other respective transmis 
sion delay lines 310, 312, 314, 316, 318 and 322 and their 
respective bypass lines 320. In this regard, it will be under 
stood that length and delay characteristics of bypass lines 
320 may be the same, or may vary, between different phase 
quantization delay element devices 200, 202, 204, 206, 208 
and/or 210. 

Although FIG. 3 illustrates an embodiment in which the 
lengths of transmission delay lines of phase quantization 
delay element devices 200, 202, 204, 206, 208 and 210 
become progressively longer from the element side of phase 
shift device 104 to the amplifier side of phase shift device 
104, it will be understood that the lengths of transmission 
delay lines may be configured in alternate ways. For 
example, the lengths of transmission delay lines of phase 
quantization delay element devices 200, 202, 204, 206, 208 
and 210 may be randomly distributed or may become 
progressively shorter from the element side of phase shift 
device 104 to the amplifier side of phase shift device 104. 

Table 1 is a comparison of delay element transmission line 
configuration details for a 6 bit phase shifting device 
employing binary distributed transmission line delay ele 
ments to one exemplary 600 MHZ embodiment of 6 bit 
phase shifting device employing non-multiple distributed 
transmission line delay elements, such as may be employed 
with the phase shifting device illustrated and described with 
respect to FIG. 3. 

TABLE 1. 

6 Delay element Transmission Delay Line Configuration 

Prime 

Phase Number- Length of Phase Shift 
Length of Shift of Based Non- of Non 
Binary Binary Delay Multiple Multiple 
Delay Delay Binary element Delay Delay 

Control element element Multiple Adjustment element element (a) 
Bit ID (inches)* (a 600 MHz) Factor Factor (inches) 600 MHz) 

1OOOOO O.212 5.625 1 1.09 O.231 6.13125 
O1 OOOO O424 11.25 2 2.131 O.452 11.98.6875 
OO1OOO O848 22.5 4 3.89 O.82S 21.8812S 
OOO1 OO 1.696 45 8 7.57 1605 42.5812S 
OOOO10 3.392 90 16 16.13 3.42O 90.73125 
OOOOO1 6.784 18O 32 32.21 6.829 181.1812S 

*Length in transmission line (e.g., Teflon TM or other similar material) having a relative 
dielectric constant of 2.1. In other embodiments, any other transmission line material may 
be employed that is suitable for achieving a delay value as needed or desired for a given 
application (e.g., ceramics, etc.) 
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As shown in columns two and three of Table 1, the least 
significant delay element (LBS) corresponding to control bit 
100000 of the binary distributed phase shifting scheme has 
a length value of 0.212 inches and a phase shift value of 
5.625. Each of the remaining five binary distributed delay 
elements corresponding to control bits 010000 through 
000001 have length and phase shift values that are binary 
multiples of the respective length and phase shift values of 
the LSB (i.e., respective multiples of 2, 4, 8, 16 and 32). 
Such a binary distributed phase shifting scheme suffers from 
periodic phase quantization or phase rounding errors which 
result in phase quantization sidelobes, especially when oper 
ated over wide frequency bandwidth (e.g., bandwidths 
greater than about 2:1). 
Column five of Table 1 lists prime number-based delay 

element adjustment factors that have been selected accord 
ing to one exemplary embodiment so as to be relatively close 
to the binary multiple factors. In this embodiment, prime 
number-based delay element adjustment factors were 
selected to be relatively close in value to the binary multiple 
of the corresponding binary distributed phase shifting 
scheme. In each case, an integer prime number was selected 
and then divided by an appropriate base 10 exponential 
value to derive a prime number-based delay element adjust 
ment factor having a value relatively close to the binary 
multiple of the corresponding binary distributed phase shift 
ing scheme, i.e., 2.131 is based on the selected integer prime 
number 2131 divided by the value 1000 and corresponds to 
the binary multiple value of 2; 16.13 is based on the integer 
prime number 1613 divided by the value of 100 and corre 
sponds to the binary multiple value of 16. It will be 
understood that the above-described methodology is exem 
plary only, and that any other methodology Suitable for 
selecting or calculating prime number-based delay element 
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(0.212) and the respective prime number-based delay ele 
ment adjustment factor (column five of Table 1) for control 
bits 100000 through 000001. In this regard, it will be 
understood that non-multiple distributed length values (e.g., 
such as given in column six of Table 1) may be rounded off 
as needed or desired to fit achievable or desired manufac 
turing tolerances for a given application, including to toler 
ances greater or lesser than that shown in Tables 1 and 2 
herein. 

Each of the non-multiple distributed phase shift values 
(column seven of Table 1) corresponding to control bits 
100000 through 000001 are products of the LSB binary 
phase shift value (5.625) and the respective prime number 
based delay element adjustment factor (column five of Table 
1) for control bits 100000 through 000001. For example, the 
non-multiple distributed length value of 6.829 that corre 
sponds to control bit 000001 is a rounded product of the LSB 
binary delay element length value of 0.212 and the prime 
number-based adjustment factor of 32.21 corresponding to 
control bit 000001. Similarly, the non-multiple distributed 
phase shift value of 42.58.125 that corresponds to control bit 
000 100 is a product of the LSB binary delay element phase 
shift value of 5.625 and the prime number-based adjustment 
factor of 7.57 corresponding to control bit 000100. 

In a manner similar to Table 1, Table 2 shows a compari 
son between delay element transmission line configuration 
details for a 5 bit phase shifting device employing binary 
distributed transmission line delay elements and one exem 
plary 600 MHZ embodiment of 5 bit phase shifting device 
employing non-multiple distributed transmission line delay 
elements. In the embodiment of Table 2 a similar method 
ology was employed for selecting the non-multiple distrib 
uted delay element lengths and non-multiple distributed 
phase shift values as was employed for the embodiment of 
Table 1. 

TABLE 2 

5 Delay element Transmission Delay Line Configuration 

Prime 
Phase Number- Length of Phase Shift 

Length of Shift of Based Non- of Non 
Binary Binary Delay Multiple Multiple 
Delay Delay Binary element Delay Delay 

Control element element Multiple Adjustment element element (a) 
Bit ID (inches)* (a 600 MHz) Factor Factor (inches) 600 MHz) 

1OOOO O424 11.25 1 1.09 O.462 12.262S 
O1 OOO O848 22.5 2 2.131 O.904 23.97375 
OO 100 1.696 45 4 3.89 1649 43.7625 
OOO10 3.392 90 8 7.57 3.210 85.1625 
OOOO1 6.784 18O 16 16.13 6.839 1814625 

*Length in transmission line (e.g., Teflon TM or other similar material) having a relative 
dielectric constant of 2.1. 

adjustment factors that may be used to calculate or derive 
non-multiple delay element values may be employed includ 
ing, but not limited to, independently selecting one or more 
prime number-based delay element adjustment factors with 
out regard to binary multiple factors (e.g., empirical selec 
tion of prime numbers), etc. 

Columns six and seven of Table 1 lists length values of 
and phase shift values for a non-multiple distributed phase 
shifting scheme that are based on the respective prime 
number delay element adjustment factors, i.e., each of the 
non-multiple distributed length values (column six of Table 
1) corresponding to control bits 100000 through 000001 are 
products of the LSB binary delay element length value 
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Tables 1 and 2 represent one embodiment of the disclosed 
systems and methods in which a non-multiple distributed 
phase shifting scheme may be implemented using a set of 
non-multiple transmission line delay elements having length 
and phase shift values that have been calculated by multi 
plying a set of prime number-based delay element adjust 
ment factors by a selected base (or LSB) value of transmis 
sion line length that has an associated base (or LSB) value 
of phase shift. In this regard, the selected base (or LSB) 
value of transmission line length is 0.212 for the six bit 
phase shift scheme of Table 1 and 0.424 for the 5 bit phase 
shift scheme of Table 2. The respective values of phase shift 
associated with the selected base (or LSB) values of trans 
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mission line length are 5.625 for the six bit phase shift 
scheme of Table 1, and 11.25 for the 5 bit phase shift scheme 
of Table 2. 

For both phase shifting scheme embodiments of Table 1 
and Table 2, the set of prime number-based delay element 
adjustment factors (1.09, 2.131, 3.89, 7.57, 16.13 and 32.21 
for Table 1: 1.09, 2.131, 3.89, 7.57 and 16.13 for Table 2) 
have been selected so as to be relatively close to correspond 
ing binary multiple factors of a binary distributed phase 
shifting scheme (1, 2, 4, 8, 16 and 32 for Table 1: 1, 2, 4, 8 
and 16 for Table 2). Such an implementation may be 
desirable, for example, for purposes of ease of configuration 
and/or reduction in number of required delay elements for a 
given application, particularly in operating over wide, multi 
octave frequency bandwidths (e.g., greater than about 2:1). 
In one exemplary embodiment of Such an implementation, 
each prime number-based delay element adjustment factor 
may be selected to have a value that is within about 20% of 
the value of a corresponding binary multiple factor, alter 
natively each prime number-based delay element adjustment 
factor may be selected to have a value that is within about 
15% of the value of a corresponding binary multiple factor, 
alternatively each prime number-based delay element 
adjustment factor may be selected to have a value that is 
within about 10% of the value of a corresponding binary 
multiple factor, and further alternatively each prime number 
based delay element adjustment factor may be selected to 
have a value that is within about 5% of the value of a 
corresponding binary multiple factor. However, it will 
understood that prime number-based delay element adjust 
ment factors may also be selected to have a value that is 
more than about 20% outside the value of a corresponding 
binary multiple factor. 

Although exemplary embodiments employing non-mul 
tiple distributed phase shifting schemes based on prime 
number-based adjustment factors are illustrated with respect 
to Tables 1 and 2, it will be understood that other embodi 
ments of the disclosed systems and methods may employ 
distributed phase shifting schemes having one or more 
non-multiple transmission line delay elements that are cal 
culated or otherwise selected in any manner suitable for 
obtaining non-multiple transmission line delay element val 
ues as desired or needed to meet the needs of a given 
application, e.g., in any manner Suitable for minimizing or 
Substantially eliminating phase quantization errors as 
desired or needed. For example, prime number-based adjust 
ment factors may be employed in the selection of one or 
more non-multiple transmission line delay elements of a 
given phase shifting scheme, while other of the transmission 
line delay elements of the phase shifting scheme may be 
non-multiple transmission line delay elements selected 
using a methodology other than using prime number-based 
adjustment factors, and/or may be transmission line delay 
elements that are binary or otherwise multiples of certain 
others of the transmission line delay elements in the given 
phase shifting scheme (e.g., a phase shifting scheme having 
a mixture of non-multiple delay elements and multiple delay 
elements). In other embodiments, one or more non-multiple 
transmission line delay elements may be selected using a 
methodology that does not rely on or involve prime numbers 
or prime number-based adjustment factors. Furthermore, it 
will be understood that particular delay element adjustment 
values and/or particular combinations of delay element 
adjustment values may be empirically evaluated (e.g., by 
simulation) to determine configurations that provide opti 
mum performance (e.g., maximized reduction in phase 
quantization errors). In one exemplary embodiment, the total 
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delay provided by non-multiple delay elements of a given 
phase shifting device may be selected to cover at least 360 
degrees of delay when all the non-multiple delay elements of 
the phase shifting device are combined. 

While the invention may be adaptable to various modi 
fications and alternative forms, specific embodiments have 
been shown by way of example and described herein. 
However, it should be understood that the invention is not 
intended to be limited to the particular forms disclosed. 
Rather, the invention is to cover all modifications, equiva 
lents, and alternatives falling within the spirit and scope of 
the invention as defined by the appended claims. Moreover, 
the different aspects of the disclosed systems and methods 
may be utilized in various combinations and/or indepen 
dently. Thus the invention is not limited to only those 
combinations shown herein, but rather may include other 
combinations. 
What is claimed is: 
1. A phase shifting device configured to receive and 

change the phase of a signal, said phase shifting device 
comprising at least two transmission line delay elements, 
said at least two transmission line delay elements compris 
ing a first transmission line delay element and a second 
transmission line delay element configured to be coupled to 
said signal; wherein the magnitude of a phase shift imparted 
to said signal by said first transmission line delay element is 
not a multiple or a factor of the magnitude of a phase shift 
imparted to said signal by said second transmission line 
delay element; wherein the magnitude of a phase shift 
imparted to said signal by said first transmission line delay 
element has a value that is based on a first prime number 
based adjustment factor; and wherein the magnitude of a 
phase shift imparted to said signal by said second transmis 
sion line delay element has a value that is based on a second 
prime number-based adjustment factor; and wherein the 
magnitude of a phase shift imparted to said signal by said 
first transmission line delay element is equivalent to the 
product of a base phase shift value and said first prime 
number-based adjustment factor, and wherein the magnitude 
of a phase shift imparted to said signal by said second 
transmission line delay element is equivalent to the product 
of said base phase shift value and said second prime number 
based adjustment factor. 

2. The phase shifting device of claim 1, wherein said first 
and second transmission line delay elements are coupled 
together in series with said signal. 

3. The phase shifting device of claim 1, wherein said first 
and second transmission line delay elements are configured 
to be selectably coupled together in series with said signal. 

4. The phase shifting device of claim 1, wherein the 
magnitude of a phase shift imparted to said signal by said 
first transmission line delay element is not a multiple or a 
factor of the magnitude of a phase shift imparted to said 
signal by any other transmission line delay element of said 
phase shifting device. 

5. The phased shifting device of claim 1, wherein said 
signal comprises a radio frequency signal, a radar signal, a 
Sonar signal, a seismic signal or an ultrasonic signal. 

6. The phase shifting device of claim 1, wherein said 
signal comprises a radio frequency signal. 

7. A phased array apparatus, comprising: 
a plurality of array elements; and 
a plurality of phase shifting devices, each of said plurality 

of phase shifting devices being coupled to a respective 
one of said plurality of array elements; 

wherein each of said plurality of phase shifting devices is 
configured to vary the phase of a signal transmitted or 
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received by each respective one of said array elements 
by a delay value that is non-multiple relative to the 
delay value of all other of said plurality of phase 
shifting devices; 

wherein each of said plurality of phase shifting devices 
comprises at least two transmission line delay elements 
configured to be selectably coupled together in series 
with said respective one of said plurality of array 
elements to independently vary the phase of a signal 
transmitted or received by said respective one of said 
array elements; and wherein at least one of said trans 
mission line delay elements has a delay element value 
that is non-multiple relative to a delay element value of 
at least one other of said transmission line delay 
elements; 

wherein each of said transmission line delay elements has 
a delay element value that is non-multiple relative to all 
other of said transmission line delay elements; 

wherein at least one of said transmission line delay 
elements has a delay element value that is equivalent to 
the product of a base phase shift value and a first prime 
number-based adjustment factor, and wherein a delay 
element value of at least one other of said transmission 
line delay elements is equivalent to the product of said 
base phase shift value and a second prime number 
based adjustment factor. 

8. The phased array apparatus of claim 7, wherein said 
phased array apparatus comprises a radio frequency antenna. 

9. The phased array apparatus of claim 8, wherein said 
phased array apparatus is configured for transmitting or 
receiving signals having a frequency bandwidth of greater 
than or equal to about 2:1. 

10. The phased array apparatus of claim 7, wherein said 
phased array apparatus comprises a radio frequency antenna 
array, a Sonar array, a seismic array, an ultrasonic array, or 
a radar array. 

11. The phased array antenna system of claim 7, wherein 
each of said transmission line delay elements has a delay 
element value that has a non-binary relationship with delay 
element values of all other of said transmission line delay 
elements of the same phase shifting device. 

12. A phased array apparatus, comprising: 
a plurality of array elements; and 
a plurality of phase shifting devices, each of said plurality 

of phase shifting devices being coupled to a respective 
one of said plurality of array elements; 

wherein each of said plurality of phase shifting devices is 
configured to vary the phase of a signal transmitted or 
received by each respective one of said array elements 
by a delay value that is non-multiple relative to the 
delay value of all other of said plurality of phase 
shifting devices; 

wherein each of said plurality of phase shifting devices 
comprises at least two transmission line delay elements 
configured to be selectably coupled together in series 
with said respective one of said plurality of array 
elements to independently vary the phase of a signal 
transmitted or received by said respective one of said 
array elements; and wherein at least one of said trans 
mission line delay elements has a delay element value 
that is non-multiple relative to a delay element value of 
at least one other of said transmission line delay 
elements; 

wherein each of said transmission line delay elements has 
a delay element value that is non-multiple relative to all 
other of said transmission line delay elements; and 
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wherein at least one of said delay elements has a trans 

mission line delay element value that is equivalent to 
the product of a base phase shift value and a first non 
integer factor, and wherein a delay element value of at 
least one other of said transmission line delay elements 
is equivalent to the product of said base phase shift 
value and a second non-integer factor. 

13. A phased array antenna system, comprising: 
a plurality of antenna elements forming an antenna array; 

and 
a plurality of phase shifting devices, each of said plurality 

of phase shifting devices being coupled to at least a 
respective one of said plurality of antenna elements; 

wherein each of said plurality of phase shifting devices 
comprises at least two transmission line delay elements 
configured to be selectably coupled together in series 
with said respective one of said plurality of array 
elements to independently vary the phase of a radio 
frequency signal transmitted or received by said respec 
tive one of said array elements; 

wherein each of said transmission line delay elements of 
each of said phase shifting devices has a delay element 
value that is non-multiple relative to a delay element 
value of all other of said transmission delay elements of 
the same phase shifting device; and 

wherein at least one of said transmission line delay 
elements has a delay element value that is equivalent to 
the product of a base phase shift value and a first prime 
number-based adjustment factor, and wherein a delay 
element value of at least one other of said transmission 
line delay elements is equivalent to the product of said 
base phase shift value and a second prime number 
based adjustment factor. 

14. The phased array antenna system of claim 13, wherein 
said phased array antenna system is configured for trans 
mitting or receiving radio frequency signals having a fre 
quency bandwidth of greater than or equal to about 2:1. 

15. The phased array antenna system of claim 13, wherein 
said phased array system further comprises a signal divider, 
signal combiner, or a signal divider/combiner coupled to 
each of said phase shifting devices; and at least one of a 
receiver, transmitter, or a transceiver coupled to said signal 
divider, signal combiner, or a signal divider/combiner. 

16. The phased array antenna system of claim 15, wherein 
said phased array antenna system further comprises an 
amplifier coupled between each of said phase shifting 
devices and said signal combiner, signal divider, or signal 
divider/combiner. 

17. The phased array antenna system of claim 13, wherein 
each of said phase shifting devices is configured to inde 
pendently vary the phase of a radio frequency signal trans 
mitted or received by said respective antenna element 
coupled to said phase shifting device in response to a digital 
control signal received by said phase shifting device. 

18. The phased array antenna system of claim 13, wherein 
each of said phase shifting devices is coupled to a respective 
group of said antenna elements to independently vary the 
phase of a radio frequency signal transmitted or received by 
said respective group of said antenna elements. 

19. The phased array antenna system of claim 13, wherein 
said phased array antenna system is configured for airborne, 
ship-based, space-based, or Submarine-based use. 

20. The phased array antenna system of claim 13, wherein 
each of said transmission line delay elements has a delay 
element value that has a non-binary relationship with delay 
element values of all other of said transmission line delay 
elements of the same phase shifting device. 
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21. A phased array antenna system, comprising: 
a plurality of antenna elements forming an antenna array: 

and 
a plurality of phase shifting devices, each of said plurality 

of phase shifting devices being coupled to at least a 
respective one of said plurality of antenna elements; 

wherein each of said plurality of phase shifting devices 
comprises at least two transmission line delay elements 
configured to be selectably coupled together in series 
with said respective one of said plurality of array 
elements to independently vary the phase of a radio 
frequency signal transmitted or received by said respec 
tive one of said array elements; 

wherein each of said transmission line delay elements of 
each of said phase shifting devices has a delay element 
value that is non-multiple relative to a delay element 
value of all other of said transmission delay elements of 
the same phase shifting device; and 

wherein at least one of said delay elements has a trans 
mission line delay element value that is equivalent to 
the product of a base phase shift value and a first non 
integer factor, and wherein a delay element value of at 
least one other of said transmission line delay elements 
is equivalent to the product of said base phase shift 
value and a second non-integer factor. 

22. A method of shifting the phase of a signal, comprising: 
receiving a signal having a first phase in a phase shifting 

device comprising at least a first transmission line delay 
element and a second transmission line delay element; 

shifting the phase of said received signal by a first phase 
shift magnitude relative to said first phase in said first 
transmission line delay element to form a signal having 
a second phase different than said first phase; and 

Subsequently shifting the phase of said signal having a 
second phase by a second phase shift magnitude in said 
second transmission line delay element to form a signal 
having a third phase different than said first or second 
phases; 

wherein said first phase shift magnitude is not a multiple 
or a factor of said second phase shift magnitude; 

wherein said first phase shift magnitude has a value that 
is based on a first prime number-based adjustment 
factor, and wherein said second phase shift magnitude 
has a value that is based on a second prime number 
based adjustment factor; and 

wherein said first phase shift magnitude is equivalent to 
the product of a base phase shift value and said first 
prime number-based adjustment factor, and wherein 
said second phase shift magnitude is equivalent to the 
product of said base phase shift value and said second 
prime number-based adjustment factor. 

23. The method of claim 22, wherein said first and second 
transmission line delay elements are configured to be select 
ably coupled together in series with said signal. 

24. The method of claim 22, wherein said method further 
comprises selecting said prime number-based adjustment 
factor to have a value that is within about 10% of the value 
of a binary multiple factor. 

25. The method of claim 22, wherein said first phase shift 
magnitude and said second phase shift magnitude are not 
multiples or factors of the magnitude of a phase shift 
imparted by any other delay element of said phase shifting 
device. 

26. The method of claim 25, wherein said phase shifting 
device comprises a part of a phased array apparatus that 
comprises a plurality of array elements and a plurality of 
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phase shifting devices, each of said plurality of phase 
shifting devices being coupled to a respective one of said 
plurality of array elements. 

27. The method of claim 26, wherein said signal com 
prises a radio frequency signal, a radar signal, a Sonar signal, 
a seismic signal or an ultrasonic signal. 

28. The method of claim 26, wherein said signal com 
prises a radio frequency signal. 

29. The method of claim 28, wherein said signal com 
prises a radio frequency signal having a frequency band 
width of greater than or equal to about 2:1. 

30. A method of operating a phased array apparatus, 
comprising: 

providing a plurality of array elements; 
providing a plurality of phase shifting devices, each of 

said plurality of phase shifting devices being coupled to 
a respective one of said plurality of array elements; and 

varying the phase of a signal transmitted or received by 
each respective one of said array elements by a delay 
value that is non-multiple relative to the delay value of 
all other of said plurality of phase shifting devices: 

wherein each of said plurality of phase shifting devices 
comprises at least two transmission line delay elements 
configured to be selectably coupled together in series 
with said respective one of said plurality of array 
elements to independently vary the phase of a signal 
transmitted or received by said respective one of said 
array elements; and wherein at least one of said trans 
mission line delay elements has a delay element value 
that is non-multiple relative to a delay element value of 
at least one other of said transmission line delay 
elements; and 

wherein at least one of said transmission line delay 
elements of each of said plurality of phase shifting 
devices has a delay element value that is equivalent to 
the product of a base phase shift value and a first prime 
number-based adjustment factor, and wherein a delay 
element value of at least one other of said transmission 
line delay elements of the same phase shifting device is 
equivalent to the product of said base phase shift value 
and a second prime number-based adjustment factor. 

31. The method of claim 30, wherein said signal com 
prises a radio frequency signal; and wherein said method 
further comprises operating said phased array antenna appa 
ratus for airborne, ship-based, space-based, or Submarine 
based use. 

32. The method of claim 31, wherein said signal com 
prises a radio frequency signal having a frequency band 
width of greater than or equal to about 2:1. 

33. The method of claim 30, wherein each of said trans 
mission line delay elements has a delay element value that 
has a non-binary relationship with delay element values of 
all other of said transmission line delay elements of the same 
phase shifting device. 

34. A method of operating an antenna array, comprising: 
providing a plurality of phase shifting devices and a 

plurality of antenna elements forming said antenna 
array, each of said plurality of phase shifting devices 
being coupled to at least a respective one of said 
plurality of antenna elements, each of said plurality of 
phase shifting devices comprising at least two trans 
mission line delay elements, and each of said transmis 
sion line delay elements of each of said phase shifting 
devices having a delay element value that is non 
multiple relative to a delay element value of all other of 
said transmission delay elements of the same phase 
shifting device; and 
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Selectably coupling together at least two of said transmis 
sion line delay elements of each of said plurality of 
phase shifting devices in series with a respective one of 
said plurality of antenna elements that is coupled to 
said respective phase shifting device to independently 
vary the phase of a radio frequency signal transmitted 
or received by said respective antenna element; 

wherein at least one of said transmission line delay 
elements of each of said plurality of phase shifting 
devices has a delay element value that is equivalent to 
the product of a base phase shift value and a first prime 
number-based adjustment factor, and wherein a delay 
element value of at least one other of said transmission 
line delay elements of the same phase shifting device is 
equivalent to the product of said base phase shift value 
and a second prime number-based adjustment factor. 

35. The method of claim 34, wherein said radio frequency 
signal has a frequency bandwidth of greater than or equal to 
about 2:1. 

36. The method of claim 34, further comprising selectably 
coupling together at least two of said transmission line delay 
elements of each of said plurality of phase shifting devices 
in series with a respective one of said plurality of antenna 
elements that is coupled to said respective phase shifting 
device in response to a digital control signal. 

37. The method of claim 34, wherein each of said phase 
shifting devices is coupled to a respective group of said 
antenna elements; and wherein said method comprises 
selectably coupling together at least two of said transmission 
line delay elements of each of said plurality of phase shifting 
devices in series with a respective one of said groups of 
antenna elements that is coupled to said respective phase 
shifting device to independently vary the phase of a radio 
frequency signal transmitted or received by said respective 
group of said antenna elements. 
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38. The method of claim 34, further comprising operating 

said antenna array for airborne, ship-based, space-based, or 
Submarine-based use. 

39. A method of operating an antenna array, comprising: 
providing a plurality of phase shifting devices and a 

plurality of antenna elements forming said antenna 
array, each of said plurality of phase shifting devices 
being coupled to at least a respective one of said 
plurality of antenna elements, each of said plurality of 
phase shifting devices comprising at least two trans 
mission line delay elements, and each of said transmis 
sion line delay elements of each of said phase shifting 
devices having a delay element value that is non 
multiple relative to a delay element value of all other of 
said transmission delay elements of the same phase 
shifting device; and 

selectably coupling together at least two of said transmis 
sion line delay elements of each of said plurality of 
phase shifting devices in series with a respective one of 
said plurality of antenna elements that is coupled to 
said respective phase shifting device to independently 
vary the phase of a radio frequency signal transmitted 
or received by said respective antenna element; 

wherein at least one of said delay elements of each of said 
plurality of phase shifting devices has a transmission 
line delay element value that is equivalent to the 
product of a base phase shift value and a first non 
integer factor, and wherein a delay element value of at 
least one other of said transmission line delay elements 
of the same phase shifting device is equivalent to the 
product of said base phase shift value and a second 
non-integer factor. 


